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Abstract

Northern peatlands are a large C stock and often act as a C sink, but are susceptible to climate warming. To understand

the role of peatlands in the global carbon-climate feedback, it is necessary to accurately quantify their C stock changes and

decomposition. In this study, a process-based model, the Peatland Terrestrial Ecosystem Model, is used to simulate pan-Arctic

peatland C dynamics from 15ka BP to 1990. To improve the accuracy of the simulation, spatially-explicit water run-on and

runoff processes were considered, four different pan-Arctic peatland distribution datasets were used, and a spatially-explicit

peat basal date dataset was developed using a neural network approach. The model was calibrated against 2055 peat thickness

observations and the parameters were interpolated to the pan-Arctic region. Using the model, we estimate that, in 1990, the

pan-Arctic peatlands soil C stock is 396-421 Pg C, and the Holocene average C accumulation rate was 22.9 g C*m-2 yr-1. Our

estimated peat permafrost development history generally agrees with multi-proxy-based paleo-climate datasets and core-derived

permafrost areal dynamics. During 500 BP to 1990, the pan-Arctic region went through the Little Ice Age and Anthropocene

warming. Under Anthropocene warming, in the freeze-thaw and permafrost-free regions, the peat C accumulation rate decreased,

but it increased in permafrost regions. Our study suggests that if current permafrost regions switch to permafrost-free conditions

in a warming future, the peat C accumulation rate of the entire pan-Arctic region will decrease, but the sink and source activities

of these peatlands are still uncertain. permafrost. Under Anthropocene warming, in the freeze-thaw and permafrost-free regions,

the peat C accumulation rate decreased, but it increased in permafrost regions. This result suggests if permafrost regions switch

to permafrost-free conditions, the peat C accumulation rate of the entire pan-Arctic region will decrease.
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Key points: 9 

 Spatially-explicit peat basal age, peat expansion and runoff-runoff are considered for pan-Arctic 10 

Holocene simulation 11 

 The pan-Arctic peatlands soil C stock is 396-421 Pg C, and the Holocene average C accumulation 12 

rate was 22.9 g C∙m-2 yr-1 13 

 If current permafrost regions thaw, the peat C accumulation rate of the entire pan-Arctic region will 14 

decrease 15 

Abstract 16 

Northern peatlands are a large C stock and often act as a C sink, but are susceptible to climate 17 

warming. To understand the role of peatlands in the global carbon-climate feedback, it is necessary to 18 

accurately quantify their C stock changes and decomposition. In this study, a process-based model, the 19 

Peatland Terrestrial Ecosystem Model, is used to simulate pan-Arctic peatland C dynamics from 15ka 20 

BP to 1990. To improve the accuracy of the simulation, spatially-explicit water run-on and run-off 21 

processes were considered, four different pan-Arctic peatland distribution datasets were used, and a 22 

spatially-explicit peat basal date dataset was developed using a neural network approach. The model was 23 

calibrated against 2055 peat thickness observations and the parameters were interpolated to the pan-24 

Arctic region. Using the model, we estimate that, in 1990, the pan-Arctic peatlands soil C stock is 396-25 

421 Pg C, and the Holocene average C accumulation rate was 22.9 g C∙m-2 yr-1. Our estimated peat 26 

permafrost development history generally agrees with multi-proxy-based paleo-climate datasets and 27 

core-derived permafrost areal dynamics. During 500 BP to 1990, the pan-Arctic region went through the 28 

Little Ice Age and Anthropocene warming. Under Anthropocene warming, in the freeze-thaw and 29 

permafrost-free regions, the peat C accumulation rate decreased, but it increased in permafrost regions. 30 

Our study suggests that if current permafrost regions switch to permafrost-free conditions in a warming 31 

future, the peat C accumulation rate of the entire pan-Arctic region will decrease, but the sink and source 32 

activities of these peatlands are still uncertain. 33 

Plain Language Summary 34 

In this study we used a process-based model, the Peatland Terrestrial Ecosystem Model, to 35 

simulate pan-Arctic peatland C dynamics from 15ka BP to 1990. We considered spatially-explicit water 36 

run-on and run-off processes, peat basal age and peat expansion process. The simulation shows that in 37 

1990, the pan-Arctic peatlands soil C stock is 396-421 Pg C, and the Holocene average C accumulation 38 

rate was 22.9 g C∙m-2 yr-1. During Little Ice Age cooling period and Anthropocene warming, part of pan-39 

Arctic region developed permafrost and thawed, part always had permafrost, and part do not have 40 
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permafrost.  Under Anthropocene warming, in the freeze-thaw and permafrost-free regions, the peat C 41 

accumulation rate decreased, but it increased in permafrost regions. This result suggests if permafrost 42 

regions switch to permafrost-free conditions, the peat C accumulation rate of the entire pan-Arctic 43 

region will decrease. 44 

 45 

1. Introduction  46 

Northern peatlands (north of 30°N) comprise a soil C stock of 415±150 Pg C (Turunen et al., 47 

2002). The Arctic region has been experiencing around three times the global average warming (Allen et 48 

al., 2018; Gistemp-Team, 2021)( which might increase regional peatland C release due to the 49 

acceleration of peat decomposition (Frolking et al., 2011; Gallego-Sala et al., 2018). In addition to the 50 

direct influence of temperature on decomposition, peatlands are also susceptible to indirect influences of 51 

climate change and anthropogenic activities. For example, peatland drainage lowers peatland water table 52 

and increases decomposition (Huang et al., 2021; Qiu et al., 2021) and peatland fires result in large 53 

carbon emissions (Turetsky et al., 2015). Warming-derived permafrost thaw also releases previously 54 

frozen soil C, increases dissolved C loss (Gandois et al., 2019), and shifts the microbial community to 55 

one that benefits methane emissions (Mccalley et al., 2014).  56 

Peatland C accumulation in permafrost-affected regions under a changing climate is influenced 57 

by permafrost dynamics. As permafrost thaws, C in newly thawed soil becomes susceptible to anaerobic 58 

and aerobic decomposition (O’donnell et al., 2012; Turetsky et al., 2002). Permafrost thaw can also 59 

enhance soil C loss via the outflow of dissolved organic C (Hugelius et al., 2020; Plaza et al., 2019). 60 

Several studies have modelled permafrost thaw and subsequent peatland C dynamics under climate 61 

warming, indicating that permafrost thaw will cause peats to be a weaker sink of 0.1 kg C∙m-2 or a 62 

source of up to 3 kg C∙m-2 during 2015 to 2100 from sporadic and discontinuous permafrost peatlands 63 

by 2100 (Jones et al., 2017; Treat, Jones, Alder, et al., 2021). While modeling studies have focused on 64 

future permafrost dynamics and their impacts on C balance in the pan-Arctic (Chaudhary et al., 2017; 65 

Mcguire et al., 2018), peatland C dynamics impacted by permafrost changes are less studied. Core 66 

reconstruction data suggests that pan-Arctic peats went through periods of permafrost aggregation and 67 

degradation during the Holocene and that significant permafrost thaw has occurred in the past 300 years 68 

(Treat & Jones, 2018). However, less is known on how these peatlands will respond to permafrost 69 

dynamics in the region. 70 

Understanding the role of peatlands in future carbon-climate feedbacks is challenging for several 71 

reasons, including limited information on peatland distribution and peatland dynamics and a limited 72 

number of observational records on peatland initiation time. Modeled peatland spatial extent also has 73 

large uncertainties (Qiu et al., 2019; Stocker et al., 2014).  In this study, we use a process-based model, 74 

the Peatland Terrestrial Ecosystem Model (PTEM), to quantify northern peatland C dynamics by 75 

addressing these uncertainties. Current PTEM does not simulate peatland spatial extent dynamics.  A 76 

previous PTEM simulation study used a fixed peatland area and uniform peat initiation age in the North 77 

America, resulting in considerable uncertainties in the estimation of present-day North America peatland 78 

C stock (Zhuang et al., 2020). Recently, Chaudhary et al. (2020) generated a spatial map of peatland 79 

basal initiation dates for the pan-Arctic region by interpolation from existing datasets of observed basal 80 

initiation dates (Gorham et al., 2007; Korhola et al., 2010; Macdonald et al., 2006). However, this 81 

method does not give spatially-explicit information on peatland dynamics. Here we address these 82 

problems using the following approach: a) for peatland coverage, three northern peatland coverage maps 83 

are selected (Hugelius et al., 2020; Melton et al., 2022; Xu et al., 2018), and the soil C stock is estimated 84 
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based on different observation-based datasets and the mean of these datasets, respectively; b) a spatially-85 

explicit pan-Arctic peatland expansion trend is established; and (c) we use a machine learning approach 86 

to estimate peat initiation year across the pan-Arctic with models trained with observed basal dates. 87 

To examine the impacts of permafrost development history on C cycling, we revised PTEM 88 

(Zhao et al., 2022). Compared with the version in Zhuang et al. (2020), the revised PTEM can simulate 89 

peat thickness and has an improved soil thermal module (STM) which more accurately simulates the 90 

active layer thickness (ALT) dynamics at the site level (Zhao et al., 2022). By comparing peat thickness 91 

and ALT, it is possible to simulate peatland permafrost aggregation and degradation through time and 92 

analyze the C dynamics corresponding to different permafrost states. This analysis of peatland responses 93 

to past climate changes can aid understanding of future peatland C dynamics. 94 

The most recent version of PTEM in Zhao et al. (2022) does not simulate water run-on from the 95 

surrounding watershed or lateral water outflow. However, run-on and run-off influence water table 96 

depth (WTD) directly (Glaser et al., 2016), transport nutrients in and out of peatlands (Limpens et al., 97 

2006), influence soil pH (Griffiths et al., 2019) which is highly related to CH4 production (Zhuang et al., 98 

2004), and also influence net N mineralization in both PTEM and experiment (Gao et al., 2016). As peat 99 

accumulates vertically, there tends to be a decline in run-on and an increase in run-off, thereby WTD 100 

often becomes deeper and fens transition into bogs (Weiss et al., 2006). Meanwhile, with less run-on, 101 

the pH of peatlands tends to become lower (Koerselman et al., 1993). With less nutrients brought in by 102 

ground water, lower N availability also reduces productivity and decomposition rates (Ojanen et al., 103 

2019; Song et al., 2018). In PTEM, when doing site-level simulations, the transition between fens and 104 

bogs and the corresponding decline in productivity and decomposition can be obtained or calibrated 105 

from a peat core profile (Zhao et al., 2022). At a regional level, it is also necessary to model the impacts 106 

of run-on and run-off dynamics. 107 

Built on the extant PTEM and current understanding of northern peatland thermal, hydrological, 108 

and C dynamics, this study: (a) revises PTEM to simulate grid-specific water run-on and run-off; (b) 109 

simulates peatland initiation and expansion for each grid cell, and estimates the time-varying peat C 110 

stock with different peatland coverage datasets; (c) reconstructs the history of peatland permafrost 111 

aggregation and degradation, and (d) analyzes peat C dynamics through the Holocene under different 112 

permafrost existence conditions in northern peatlands from initiation to 1990 (Fig. 1).  113 

2. Methods  114 

2.1. Peatland Model Overview 115 

 PTEM simulates peatland dynamics at a 0.5°×0.5° resolution. In a previous work (Zhao et al., 116 

2022), PTEM was revised to improve the representation of biogeochemical processes of peatlands. In 117 

particular, PTEM models the vegetation C and N pools considering three plant functional types (PFTs): 118 

moss, herb and shrub/small trees. Total litter N from the three PFTs is converted into inorganic form by 119 

net N mineralization. Net N mineralization influences the amount N available to vegetation, and thereby 120 

total productivity of three PFTs. Monthly total litter C from the three PFTs is the monthly litter C input. 121 

As litter C from different PFTs will have various decomposition rates, the mean decomposition rate of 122 

the monthly peat litter input is the average of three decomposition rates, weighted by the fraction of 123 

monthly litter C from each PFT. The peat is divided into 1cm layers from peat bottom to the top, while 124 

the top layer can be thinner than 1cm. In each month, new litter C is added to the top layer and peat in 125 

all layers decompose. This process usually makes the top layer thicker and the other layers thinner. 126 

Thereafter, the layer thicknesses from the bottom to the top are added to get the new peat thickness. 127 
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Next, the peat is re-interpolated into 1cm layers and the soil bulk density, soil C content, fraction of 128 

remaining original litter and decomposition rate are re-calculated for each layer.  129 

Decomposition in PTEM includes aerobic and anaerobic decomposition. Aerobic decomposition 130 

mainly occurs above the water table and is influenced by that layer’s temperature and moisture. In 131 

PTEM, a monthly soil thermal module (STM) calculates soil temperature in a 25-layer profile with the 132 

deepest layer 43.5m below surface (Zhuang et al., 2001). PTEM assumes the top layer is a 10cm moss 133 

layer, followed by a soil organic layer. The depth and soil water content of the organic layer in STM is 134 

updated monthly, thereby influencing the soil thermal properties. The temperature in each 1cm peat 135 

layer is interpolated from the soil thermal profile derived from STM. Soil moisture is calculated by a 136 

monthly hydrology module (HM). PTEM divides the soil profile into three hydrological layers: moss, 137 

organic and mineral. Water flows vertically from upper to lower layers, and soil moisture in each layer 138 

is calculated. Water table depth is calculated by the algorithms in Granberg et al. (1999), which is a 139 

function of volumetric moisture in the moss (10cm in this study) and top organic layer (25cm in this 140 

study). Above the water table, the effect of soil moisture on aerobic decomposition is modeled to 141 

decrease exponentially with the distance between the peat layer and water table. Below the water table, 142 

decomposition is dominated by anaerobic processes and the decomposition rate is influenced by 143 

temperature and soil pH. Soil pH switches from 6.5 to 4.2 as fens transition to bogs (Zhao et al., 2022). 144 

The PTEM fen-bog transition at site-level happens when peat thickness exceeds a certain threshold 145 

determined by peat core profiles. As fens shift  to bogs, the maximum C assimilation rate of peatlands 146 

and litter C decomposition rate of each PFT will decrease by certain fractions, which were calibrated 147 

from peat core profiles. At the pan-Arctic level, we assume fen-to-bog transition happens as water run-148 

on declines, leading to lower soil pH (Section 2.2).  149 

2.2 Water run-on and run-off 150 

 Water run-off is modelled with the physical equation proposed by Weiss et al. (2006): 151 

𝑅𝑜𝑓𝑓 = −
𝑇𝑟𝑤(𝑑ℎ/𝑑𝑙)

𝐴
× 𝑚𝑑𝑎𝑦 × 1000        (1) 152 

where 𝑅𝑜𝑓𝑓 is run-off (mm∙mon-1), 𝑇𝑟 is transmissivity (m2∙d-1),  𝑤 is the vertical width of the 153 

hydrological active layer (m) within which WTD fluctuates, 𝑑ℎ/𝑑𝑙 is the local slope of the water table, 154 

𝐴 is the unit horizontal area and 𝑚𝑑𝑎𝑦 is the number of days within a month. Transmissivity (𝑇𝑟) is 155 

given by: 156 

𝑇𝑟 = 𝑎𝑡𝑒(−𝑏𝑡𝑧𝑤𝑡)          (2) 157 

where 𝑎𝑡 (m2∙d-1) and 𝑏𝑡 (m-1) are parameters given by Granberg et al. (1999), 𝑧𝑤𝑡 is WTD (m, negative 158 

values down from the peat surface).  159 

 The GMTED 2010 global 1km resolution DEM data and 1km resolution monthly WTD products 160 

Fan et al. (2013) were used to derive the local water table slope. The Fan et al. (2013) dataset was 161 

selected because it is based on numerous observations and gives a reasonable estimation of Alaska and 162 

Canada wetland areas. Notably, this dataset does not consider any impact of water pumping or drainage 163 

on WTD (Fan et al., 2013). For each 0.5°×0.5° grid, the 1km×1km grids with WTD shallower than 164 

0.25m were picked as wetland grids. In particular, for each of these 1km×1km wetland grids, the local 165 

slope of the water table (𝑑ℎ/𝑑𝑙) in eight directions (corresponding to eight neighboring grids) were 166 

calculated. Since water table slope is defined as 𝑑ℎ/𝑑𝑙 along the direction of maximum water head 167 

decrease (Cheremisinoff, 1997), the maximum value is picked as the local water table slope. In 168 
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particular, 𝑑𝑙 is 1km or √2km depending on the relative location of the two grid cells. 𝑑ℎ is the 169 

spatially-explicit difference between WTD in two grids: 170 

𝑑ℎ = (𝐻1 + 𝑧𝑤𝑡1) − (𝐻2 + 𝑧𝑤𝑡2)        (3) 171 

 where 𝐻1 are 𝐻2 are the elevation of two adjacent grids (m), 𝑧𝑤𝑡1 and 𝑧𝑤𝑡2 are the WTD of two 172 

adjacent grids (m, negative values suggest below surface), with grid cells indices specified so that 𝑑ℎ is 173 

always positive. The local water table slope of all 1km×1km grid cells within a 0.5°×0.5° grid were 174 

averaged to get that grid cell’s mean wetland water table slope. Twelve monthly local water table slopes 175 

were calculated for each 0.5°×0.5° grid corresponding to twelve months in the WTD product, and the 176 

annual average was used in the long-term simulation. This grid-specific wetland mean annual water 177 

table slope is assumed as constant throughout the simulation.  178 

The algorithm for calculating run-on was adopted and simplified from the Holocene Peatland 179 

Model (HPM) (Frolking et al., 2010), which assumes run-on declines with peat thickness in a sigmoid 180 

function: 181 

𝑅𝑜𝑛 =
𝑅𝑜𝑛𝑚𝑎𝑥

1+exp (𝑎𝑟×𝑧𝑝𝑒𝑎𝑡+𝑏𝑟)
         (4) 182 

where 𝑅𝑜𝑛 is run-on (mm∙mon-1), 𝑅𝑜𝑛𝑚𝑎𝑥 is the maximum run-on of each 0.5°×0.5° grid, 𝑎𝑟 (cm-1) and 183 

𝑏𝑟 are fitting parameters and 𝑧𝑝𝑒𝑎𝑡 is peat thickness (cm). 𝑅𝑜𝑛𝑚𝑎𝑥 was estimated by the maximum run-184 

off from eight surrounding 0.5°×0.5° grids calculated by Eq. (1), and is a constant for each grid cell. To 185 

estimate 𝑎𝑟 and 𝑏𝑟, spatially-explicit trend lines were established describing the decline of run-on with 186 

peat thickness, using the Matlab fitglm function (Appendix Fig. 1). Such a trend line requires at least 187 

three peat thickness and run-on pairs to get an effective estimation. These three points are (1) when peat 188 

thickness is 0cm, run-on is assumed to be 𝑅𝑜𝑛𝑚𝑎𝑥; (2) under present-day peat thickness, the present-day 189 

run-on is available from calculation; (3) assume when peat thickness is 15m, run-on is 0 mm∙mon-1. 190 

15m-peat thickness is chosen because the thickest peat record in Treat, Jones, et al. (2016b), Hugelius et 191 

al. (2020) and Loisel et al. (2014) is 1460cm. In addition, we also assume run-on declines from Ronmax 192 

by 5% when peat thickness is 30cm to improve fitting performance. Therefore, the only unknown pair is 193 

the current peat thickness and current run-on. Before the simulation was run, we did not have our own 194 

estimate of current peat thickness. Therefore, we used an available dataset (Hugelius et al., 2020), 195 

aggregated to 0.5°×0.5° grid to get grid-average peat thickness. In order to estimate current run-on, the 196 

WTD product in Fan et al. (2013) was used as a reference. The 1km resolution WTD in Fan et al. (2013) 197 

was aggregated to 0.5° resolution, and the WTDs of wetland grids (defined as WTD <= 0.25m in Fan et 198 

al. (2013)) were averaged as the mean wetland WTD in each 0.5°×0.5° grid. Next, a short-term PTEM 199 

simulation with no run-on or run-off was conducted from 1958 to 2000 to correspond to the period in 200 

Fan et al. (2013), and the spatially-explicit long-term growing season WTD was calculated. If the 201 

spatially-explicit simulated long-term growing season WTD was shallower than the reference growing 202 

season WTD, then the grid should have net run-off and therefore be bog-dominated, otherwise it should 203 

be run-on and fen-dominated. The WTD-related parameters in PTEM were adjusted manually such that 204 

the area fraction of fen-dominated grids agreed with literature (this study: 0.335 vs. Treat, Jones, 205 

Brosius, et al. (2021): 0.339 in Canada and Olefeldt et al. (2021): 0.343 in boreal-Arctic region). PTEM 206 

WTD algorithm is based on Granberg et al. (1999), and the way to calculate total volumetric soil 207 

moisture under the reference WTD is: 208 
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{
𝑉𝑡𝑜𝑡𝑟𝑒𝑓 = ∅ × 𝑧𝑏 − 𝑧𝑤𝑡 𝑟𝑒𝑓 𝑣𝑒𝑔

2 ×
𝑎𝑧

1.5
                    𝑧𝑤𝑡 ≤ 𝑧𝜃 𝑠𝑚𝑖𝑛         

𝑉𝑡𝑜𝑡𝑟𝑒𝑓 = ∅ × 𝑧𝑏 + 𝑧𝑤𝑡 𝑟𝑒𝑓 𝑣𝑒𝑔 ×
∅−𝜃𝑠𝑚𝑖𝑛

1.5
           𝑧𝑤𝑡 > 𝑧𝜃 𝑠𝑚𝑖𝑛         

   (5) 209 

𝑎𝑧 =
∅−𝜃𝑠𝑚𝑖𝑛

𝑧𝜃 𝑠𝑚𝑖𝑛
           (6) 210 

where 𝑉𝑡𝑜𝑡𝑟𝑒𝑓 is the total volumetric soil water content (m3) corresponding to the reference WTD, ∅ is 211 

the total porosity of peat above active layer 𝑤, 𝑧𝑏 is the lowest WTD (m), 𝜃𝑠𝑚𝑖𝑛 is the lowest volumetric 212 

soil moisture at moss surface (the moss layer surface in this study, m3∙ m-3), 𝑧𝜃 𝑠𝑚𝑖𝑛 is the thickness of 213 

the moss layer and 𝑎𝑧 is the slope of linear decrease of soil volumetric moisture in the vegetation layer. 214 

𝑧𝑤𝑡 𝑟𝑒𝑓 𝑣𝑒𝑔 is the reference WTD below the moss surface (m): 215 

𝑧𝑤𝑡 𝑟𝑒𝑓 𝑣𝑒𝑔 = 𝑧𝑤𝑡 𝑟𝑒𝑓 − 𝑧𝜃 𝑠𝑚𝑖𝑛         (7) 216 

where 𝑧𝑤𝑡 𝑟𝑒𝑓 is the wetland WTD derived from Fan et al. (2013), here used as a reference dataset. The 217 

total volumetric soil moisture under the simulated WTD is: 218 

𝑉𝑡𝑜𝑡𝑠𝑖𝑚 = 𝑉𝑆𝑀1𝑠𝑖𝑚 × 𝑧𝜃 𝑠𝑚𝑖𝑛 + 𝑉𝑆𝑀2𝑠𝑖𝑚 × 𝑤      (8) 219 

where 𝑉𝑡𝑜𝑡𝑠𝑖𝑚 is the total volumetric soil water content (m3) corresponding to the simulated WTD, 220 

𝑉𝑆𝑀1𝑠𝑖𝑚 is the simulated volumetric soil moisture (m3∙ m-3) of the moss layer, 𝑉𝑆𝑀2𝑠𝑖𝑚 is the 221 

simulated volumetric soil moisture (m3∙ m-3) of the active thickness in the peat layer in PTEM 222 

hydrological cycle. The difference between volumetric soil water content (mm) under Fan (2013) 223 

wetland WTD and under simulated WTD is: 224 

∆𝑤𝑎𝑡𝑒𝑟 = (𝑉𝑡𝑜𝑡𝑟𝑒𝑓 − 𝑉𝑡𝑜𝑡𝑠𝑖𝑚) × 1000       (9) 225 

The growing season monthly average run-off (𝑅𝑜𝑓𝑓 𝑟𝑒𝑓, mm∙mon-1) is still given by Eq. (1), and 226 

the growing season monthly average run-on (mm∙mon-1) is: 227 

𝑅𝑜𝑛 𝑟𝑒𝑓 = ∆𝑤𝑎𝑡𝑒𝑟 + 𝑅𝑜𝑓𝑓 𝑟𝑒𝑓         (10) 228 

This value is used in the current run-on and current peat thickness pair to estimate 𝑎𝑟 and 𝑏𝑟 in Eq. (4).  229 

The dissolved nitrogen entering the peat is: 230 

𝑁𝑤𝑎𝑡𝑒𝑟 = 𝑅𝑜𝑛 𝑚𝑜𝑛 × 𝑁𝑐𝑜𝑛𝑡𝑔𝑟𝑜𝑢𝑛𝑑 + 𝑃𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑚𝑜𝑛 × 𝑁𝑐𝑜𝑛𝑡𝑟𝑎𝑖𝑛    (11) 231 

where 𝑁𝑤𝑎𝑡𝑒𝑟 is the monthly nitrogen brought into peat water via run-on and precipitation (g ∙ mon-1), 232 

𝑅𝑜𝑛 𝑚𝑜𝑛 is the monthly run-on (mm∙mon-1), 𝑁𝑐𝑜𝑛𝑡𝑔𝑟𝑜𝑢𝑛𝑑 is the nitrogen concentration in ground water 233 

(g ∙ mm-1), 𝑃𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑚𝑜𝑛 is the monthly precipitation that travels through the canopy and arrives at the 234 

ground (mm∙mon-1), and 𝑁𝑐𝑜𝑛𝑡𝑟𝑎𝑖𝑛 is the nitrogen concentration in rain water (g ∙ mm-1) (Appendix 235 

Table 1). In addition, peatland pH is assumed to decrease simultaneously as run-on declines, and the 236 

trend is derived from Eq. (4): 237 

𝑅𝑜𝑛 = 𝑝𝐻𝑚𝑖𝑛 +
𝑝𝐻𝑚𝑎𝑥−𝑝𝐻𝑚𝑖𝑛

1+exp (𝑎𝑟×𝑧𝑝𝑒𝑎𝑡+𝑏𝑟)
        (12) 238 

where 𝑝𝐻𝑚𝑖𝑛 and 𝑝𝐻𝑚𝑎𝑥 are the minimum and maximum pH of peatlands (Appendix Table 1), 𝑎𝑟, 𝑧𝑝𝑒𝑎𝑡 239 

and 𝑏𝑟 are the same as in Eq. (4). 240 
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2.3 Peat initiation  241 

 To estimate the basal dates of the grids without available records, a neural network (NN) 242 

approach was used (Pedregosa et al., 2011). First, the training data were obtained and processed. Peat 243 

basal date data in Loisel et al. (2017), Treat, Jones, et al. (2016c), Treat, Jones, Brosius, et al. (2016) and 244 

Yu et al. (2010) were used, selecting only dates with site latitude >= 45°N and basal date <= 15ka BP (n 245 

= 8590). These points were grouped into 0.5°×0.5° grids and the oldest basal date in each grid cell was 246 

selected (n = 1643) (Fig 2(a)). Independent variables selected to train the NN model included mean 247 

annual temperature (°C), precipitation (mm∙day-1), CO2 concentration (ppm), latitude and longitude, and 248 

peat existence (0/1) was the dependent variable. Temperature, precipitation and CO2 concentration were 249 

chosen because they directly influence plant productivity and litter decomposition. Latitude and 250 

longitude were chosen because peat plant establishment is related to plant propagule migration from 251 

nearby grid cells and is likely to show spatial-autocorrelation (Gorham et al., 2007). The temperature, 252 

precipitation and CO2 concentration data originate from the decadal TraCE 21ka dataset (He, 2011) and 253 

were interpolated to 0.5°×0.5° grids. For each grid cell, a set of input data consisted of five independent 254 

variables and one dependent variable was generated for each decade from 15ka BP to 1990. This 255 

resulted in 1504 sets of training samples for each grid cell and 2,471,072 sets for all grid cells, which 256 

were likely to be sufficient to train the model.  257 

The second step was to train a multi-layer perceptron (NN) model. There were three hidden 258 

layers with 16, 64 and 10 nodes in each layer, respectively. In addition, an activation layer was added 259 

and the hyperbolic tangent function was selected as the activation function.  Eighty percent of these 260 

input data were randomly chosen to train the model and the rest were testing samples.  261 

Third, the NN model was applied to the grids without basal records and basal dates were 262 

calculated from the NN model outputs. For each grid cell, the model outputs were a time series (10-yr 263 

time step) of 0s and 1s, and the peat basal date was defined as the time when outputs switch from 0-264 

dominated to 1-dominated. In order to find this transition, the time series was fitted by Matlab fitglm 265 

function and two fitting coefficients were derived for each grid cell (Suppl. Fig, 2). In cases in which the 266 

calculated basal dates were older than 15ka BP or younger than 1990 (425/24903 grid cells, 1.7%), an 267 

alternative algorithm was used. Assume i is the decade number between 15ka BP and peat initiation, 268 

(1504-i) is the decade number between peat initiation and 1990,  𝑛 𝑝𝑜𝑠 is the number of 1s in the output 269 

time series, 𝑝11 is the precision score of the model (i.e., the ratio between the true positive number and 270 

the total predicted positive number), and 𝑝01 is one minus 𝑝11 (i.e., the ratio between the false positive 271 

number and the total predicted positive number), then 𝑛 𝑝𝑜𝑠 can be calculated as: 272 

𝑛 𝑝𝑜𝑠 = 𝑖 × 𝑝01 + (1504 − 𝑖) × 𝑝11 273 

so 𝑖 =
𝑛 𝑝𝑜𝑠−𝑝11×1504

𝑝01−𝑝11
          (13) 274 

Finally, the basal date (yr BP) corresponding to decade i is: 275 

basal = (1500 − 𝑖) × 10          (14) 276 

2.4 Peat expansion 277 

 PTEM does not simulate peatland areal shrinkage and expansion within a simulation grid, and 278 

spatially-explicit peat expansion in this study originated from downscaling a pan-Arctic peatland 279 
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expansion trend. At the pan-Arctic scale, the cumulative distribution function (𝐶𝐷𝐹𝑟𝑒𝑔) of peat basal age 280 

of 0.5°×0.5° grids was fitted to a logistic function (Fig. 2(d)): 281 

𝐶𝐷𝐹𝑟𝑒𝑔(basal) =
1

1+exp [𝑎𝑐×(15000−𝑏𝑎𝑠𝑎𝑙)+𝑏𝑐]
       (15) 282 

where 𝑎𝑐 and 𝑏𝑐 are fitting parameters, and basal is the peat basal date in year BP. This CDF describes 283 

the trend of peat expansion at the regional scale, and we assumed that the same trend is applicable to the 284 

peat expansion in each single grid since initiation (Appendix Fig. 4(a)): 285 

{
𝑓𝑝𝑒𝑎𝑡(𝑦𝑟) = 0                                                                              𝑦𝑟 < 𝑏𝑎𝑠𝑎𝑙

𝑓𝑝𝑒𝑎𝑡(yr) =
1

1+exp [𝑎𝑐×(15000−𝑦𝑟)+𝑏𝑐]
                                      𝑦𝑟 ≥ 𝑏𝑎𝑠𝑎𝑙

   (16) 286 

where 𝑓𝑝𝑒𝑎𝑡 is the ratio between peat coverage in 𝑦𝑟 (year) compared with the current peat coverage, 287 

and 𝑦𝑟 is the simulation year in BP. In the final year of simulation this gives: 288 

∑ 𝑓𝑝𝑒𝑎𝑡 𝑗(𝑦𝑟)𝑛
𝑗=1 = 𝐶𝐷𝐹𝑟𝑒𝑔(𝑦𝑟) × n        (17) 289 

where 𝑓𝑝𝑒𝑎𝑡 𝑗(𝑦𝑟) is the ratio between peat coverage in 𝑦𝑟 to the current peat coverage in grid j, and n is 290 

the number of grids included in the simulation.  291 

2.5 Pan-Arctic calibration 292 

 For a regional simulation, calibrating model with a few sites and applying the parameters to the 293 

whole region can cause considerable uncertainties, especially for a 15ka simulation. The estimation of 294 

run-on is also likely to introduce uncertainties due to the dependence on other model-based datasets (i.e., 295 

Fan et al. (2013); Hugelius et al. (2020) and the hypothetical run-on and peat thickness relationship. To 296 

reduce these uncertainties, we calibrated PTEM with numerous peat thickness records and interpolated 297 

the parameters to the pan-Arctic region using the Kriging method in ArcMAP 10.7. In particular, the 298 

peat thickness records were obtained from Treat, Jones, et al. (2016c), Hugelius et al. (2020) and Loisel 299 

et al. (2014) (n = 7812). These records were grouped into 0.5°×0.5° grids and the thickest peat record in 300 

each grid cell was selected for calibration (n = 2055). Peat thickness was chosen for calibration because 301 

it has the most records and can approximately represent the peat soil C. A previous study simulating peat 302 

C accumulation with PTEM at the site level (Zhao et al., 2022) indicates that there are four important 303 

parameters for peat C accumulation: maximum C assimilated by the ecosystem (Cmax) and heterotrophic 304 

respiration (RH) at 0°C for the three plant functional types (kd for moss, herb and shrub/small trees, 305 

respectively). However, with only one peat thickness data value in each grid cell, it’s not reasonable to 306 

calibrate four parameters. Therefore, the kd values were calibrated against the flux tower-based 307 

ecosystem respiration at the Zackenberg, Greenland fen site for 2008-2016 (López-Blanco et al., 2020) 308 

(Appendix Fig. 3) and applied to the whole region, while the Cmax values were calibrated for the 2055 309 

grids and then spatially interpolated. The calibration was conducted with Model-Independent Parameter 310 

Estimation (PEST, v17.2 for Linux) and the correlation coefficient (r2) between the observed and 311 

calibrated peat thickness is 0.94 (Fig. 3). 312 

2.6.  Preliminary model simulations of peat depth-area fraction relationship 313 

 In PTEM, peat is assumed to be a column of unit area which is vertically divided into 1cm 314 

layers, and the soil C, CO2 and CH4 production are calculated for each layer. However, when 315 

considering peat expansion, peat vertical profile is no longer a rectangle, but an irregular shape 316 



9 

 

described by peat thickness and area relationship (Appendix Fig. 4(d)). Therefore, for a given month, the 317 

total soil C, CO2 and CH4 production are: 318 

𝑆𝑂𝐶𝑡𝑜𝑡 = ∑ 𝑆𝑂𝐶𝑖 ×𝑛
𝑖=1 𝑓𝑝𝑒𝑎𝑡 𝑖         (18) 319 

𝐶𝑂2 𝑡𝑜𝑡 = ∑ 𝐶𝑂2 𝑖 ×𝑛
𝑖=1 𝑓𝑝𝑒𝑎𝑡 𝑖         (19) 320 

𝐶𝐻4 𝑡𝑜𝑡 = ∑ 𝐶𝐻4 𝑖 ×𝑛
𝑖=1 𝑓𝑝𝑒𝑎𝑡 𝑖        (20) 321 

where 𝑆𝑂𝐶𝑡𝑜𝑡, 𝐶𝑂2 𝑡𝑜𝑡 and 𝐶𝐻4 𝑡𝑜𝑡 are the total soil C (g C∙m-2), CO2 emission (g C∙m-2 mon-1) and CH4 322 

production (g C∙m-2 mon-1),  𝑆𝑂𝐶𝑖, 𝐶𝑂2 𝑖 and 𝐶𝐻4 𝑖 are the soil C, CO2 emission and CH4 production in 323 

layer i, n is the number of layers and 𝑓𝑝𝑒𝑎𝑡 𝑖 is the ratio between peat coverage in layer i compared with 324 

the final peat coverage at the top layer (Appendix Fig. 4(d)). As a result, it is necessary to get the 𝑓𝑝𝑒𝑎𝑡 𝑖 325 

for each layer i. In order to get this information, a preliminary PTEM run was conducted to map the 326 

relationships between peat thickness and time, which was used to find the time when peat thickness first 327 

exceeds i cm (𝑦𝑟𝑖) (Appendix Fig. 4(b) & (c)): 328 

𝑡ℎ𝑖𝑐𝑘𝑖 = h(𝑦𝑟𝑖) 329 

𝑦𝑟𝑖 = ℎ−1(𝑡ℎ𝑖𝑐𝑘𝑖)          (21) 330 

where 𝑡ℎ𝑖𝑐𝑘𝑖 is integer peat thickness, i is the index of the 1cm peat layer corresponding to 𝑡ℎ𝑖𝑐𝑘𝑖. For 331 

each given layer i and 𝑡ℎ𝑖𝑐𝑘𝑖, 𝑓𝑝𝑒𝑎𝑡 𝑖 was calculated by substituting 𝑦𝑟𝑖 into eq. (15) (Appendix Fig. 332 

4(d)). Afterwards, a second PTEM run was conducted with total soil C, CO2 emission and CH4 333 

production calculated as eq. (18-20). 334 

2.7 Model input data and simulation analysis  335 

 PTEM requires monthly temperature (°C), precipitation (mm∙mon-1), cloudiness (0-1) and vapor 336 

pressure (hPa) as climate inputs. For the short-term WTD simulation, the climate data was derived from 337 

CRU v4.03. For the Holocene simulation, the climate inputs were derived from monthly TraCE 21ka 338 

dataset (He, 2011). In particular, vapor pressure data were calculated from TraCE 21ka relative humidity 339 

and temperature, and all four climate inputs were bias-corrected by CRU v4.03 data (Zhao et al., 2022). 340 

In addition, PTEM requires atmospheric [CO2] as an input, which was derived from the TraCE 21ka 341 

dataset. The other inputs include spatially-explicit soil texture (Fao/Unesco, 1974) and elevation 342 

(Zhuang et al., 2002). 343 

 Uncertainties in the peatland C stock partially arise from uncertainties in peatland coverage. 344 

Since PTEM does not simulate peatland coverage, we use three different maps covering the pan-Arctic 345 

region (Hugelius et al., 2020; Melton et al., 2022; Xu et al., 2018). All maps were aggregated into 346 

0.5°×0.5° grids with spatially-explicit peatland abundance, and their average was used as a fourth map. 347 

The simulated results were mapped over different peatland extents to get a range of regional soil C and 348 

soil C decomposition. 349 

3. Results  350 

3.1 Estimates of regional peat basal dates 351 

 We use 24901 grids in the region for model simulation, 23478 of them have predicted basal 352 

dates. In Eurasia, with insufficient training data, the predicted basal dates show unrealistic latitudinal 353 

patterns (Fig. 2(b)). However, most of these patterns are located in the region with low peatland 354 
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coverage, and so should have limited influence on our regional simulation results (Fig. 2(c)). When 355 

applying the model to the testing datasets, the accuracy of the neural network model is 0.88, and F1 356 

score is 0.89, precision score and recall score are 0.87 and 0.90, respectively, indicating the model 357 

predicted peat existence with relatively high accuracy. When applying the model with training datasets, 358 

the model accuracy, precision score and recall score are the same as applying to the testing datasets. 359 

Therefore, no over-fitting was detected in the model. The correlation coefficient (r2) between the 360 

cumulative distribution function (CDF) of the training and predicted datasets is 0.99 (Fig. 2(d). The CDF 361 

suggests that most of the peat initiated during 11ka BP-4 ka BP. 362 

3.2 Regional soil C stocks and C fluxes 363 

 The simulated C accumulation rate (CAR) is first compared with other estimates from literature 364 

(Loisel et al., 2014; Nichols & Peteet, 2019). The CAR is 22.9 g C∙m-2 yr-1 during 15 ka BP-1990. The 365 

500-yr bin CAR generally declined from 10ka BP (30.0 g C∙m-2 yr-1) to present (16.8 g C∙m-2 yr-1) (Fig. 366 

4(a)). This trend agrees with the core-derived data in Loisel et al. (2014) until 1.5 ka BP, when the cores 367 

suggest increasing CAR during 1.5 ka BP to present (Fig. 4(a)). The correlation coefficient (r2) of long-368 

term core-derived CAR and the simulation-derived CAR is 0.25(Fig. 4(b)). In addition, our simulated 369 

trend agrees with the trend in Nichols and Peteet (2019) (minimum soil C scenario), although our 370 

estimates are higher after 5 ka BP (Fig. 4(a)).  371 

The contemporary (c. 1990) peatland C stock is 396-421 Pg C depending on the peatland 372 

coverage maps, with 404 Pg C corresponding to the average coverage (Table 1). Although peat C started 373 

accumulation since 15ka BP, no significant increase is found until 11-12 ka BP (Fig. 5(a)), when peat C 374 

accumulation, CO2 and CH4 emissions increase simultaneously. In 1950 (0ka BP), with average peatland 375 

coverage, the smoothed annual total decomposition is 303.9 Tg C∙ yr-1 (Fig. 5(b)). 376 

3.3 Regional permafrost states in peatlands 377 

 In order to evaluate the accuracy of PTEM in simulating ALD and permafrost in peatlands, the 378 

model results are compared with multiple datasets (Brown et al., 2000; Calm, 1991-; Hugelius et al., 379 

2020; Obu et al., 2020; Treat, Jones, et al., 2016c; Yi & Kimball, 2020). In particular, the simulated 380 

ALD in 1990 correlates better with satellite-derived Arctic ALD in 1997 (Obu et al., 2020) and satellite-381 

derived Alaskan ALD in 2001 (Yi & Kimball, 2020) (r2=0.66 and 0.33, respectively) than with the 382 

circumpolar observation network data from (Brown et al., 2000; Calm, 1991-) (r2=0.14, Fig. 6(a-c)). 383 

When comparing the simulated permafrost existence in peat in 1990 with the core record (Hugelius et 384 

al., 2020; Treat, Jones, et al., 2016c), the accuracy is 0.75 (n=1504, Fig. 6(d)). Overall, PTEM captures 385 

permafrost existence/absence in peat, especially in continuous permafrost and non-permafrost regions. 386 

 In the permafrost region, the deepening ALD from 15ka BP to 7ka BP indicates  the part of 387 

permafrost became warmer during this period (Appendix Fig. 6). However, this warming trend was mild 388 

and did not cause permafrost distribution area shrink (Appendix Fig. 5 & 7). With the accumulation of 389 

peat, permafrost area started to expand after 9ka BP, and continued to 7ka BP (Fig. 6). After 7ka BP, an 390 

increasing trend in permafrost area was simulated for part of the pan-Arctic region, which peaked during 391 

500a BP- 250a BP (Appendix Fig.7). The permafrost area increasing during 7ka BP-1ka BP was mild 392 

compared with the trend after 1ka BP (Appendix Fig. 5). Although ALD in the cooling permafrost 393 

region became shallower, the cooling was not severe enough to expand permafrost into most of the 394 

originally non-permafrost region except for the European southern permafrost boundary during 3ka BP-395 

1ka BP (Appendix Fig. 7). Under both cooling permafrost and peat accumulation, permafrost expansion 396 

in peat was faster during this period and peaked during 3ka BP-1ka BP (0.86 Mkm2 under average 397 
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peatland coverage, Fig. 6, Fig 8). Notably, while the northern permafrost became colder during 7ka BP-398 

1ka BP, the southern permafrost mostly became warmer (Appendix Fig. 6).  During 1ka BP-750a BP 399 

and 750a BP-500a BP, ALD showed more dynamics than before 1ka BP. In particular, during 1ka BP-400 

750a BP, permafrost area increase continued for northern and southern permafrost regions while 401 

permafrost degradation dominated the middle permafrost region; during 750a BP-500a BP, ALD in most 402 

permafrost regions became deeper except for the northern permafrost regions in Eurasia (Appendix Fig. 403 

6). During 1ka BP-500a BP, occasional soil and peat permafrost expansion and shrinking was simulated 404 

at the southern permafrost boundary (Appendix Fig. 7, Fig. 7). 405 

 More severe changes in ALD and permafrost existence were found after 500a BP. During 500a 406 

BP-250a BP, a significant permafrost aggradation trend covered most of the permafrost regions 407 

(Appendix Fig. 5 & 6), with permafrost distribution expanded at the southern permafrost boundary 408 

(Appendix Fig. 7, Fig. 6). After 250a BP, a severe and overwhelming permafrost degradation trend 409 

covered the pan-Arctic region, with more deepening ALD in the southern permafrost (Appendix Fig. 5 410 

& 6). At the southern permafrost boundary, the region that developed permafrost in peat during the 411 

cooling in 500a BP-250a BP mostly thawed, together with some regions that developed permafrost 412 

before 250a BP (Fig. 7). 413 

3.4 Changes in C fluxes during 500a BP-1990 414 

 The study region was categorized into three types of grids: ones that developed permafrost 415 

during 500a BP-250a BP and thawed by 1990 (‘freeze-thaw’), permafrost grids and permafrost-free 416 

grids. Fifty-year means of three time slices were used, including 500a BP-450a BP, 275a BP-225 a BP 417 

and 1940-1990 to compare their C dynamics under different climate and permafrost conditions (Fig. 9). 418 

The temperature variation during these three periods is similar under all permafrost conditions. In 419 

particular, for the freeze-thaw, permafrost and permafrost-free grids, the median temperature in 500a 420 

BP-450a BP dropped by 1.1°C, 0.5°C and 0.7°C in 275a BP-225a BP, respectively, then increased by 421 

0.9°C, 1.5°C and 1.0°C in 1940-1990, respectively (Fig. 9 1(a-c)). Therefore, the permafrost region 422 

showed the least cooling and the most warming. Meanwhile, from 500a BP-450a BP to 275a BP-225a 423 

BP, the median permafrost-free peat thickness in the freeze-thaw and permafrost regions are similar 424 

(differ by 1.1cm and 1.9cm, respectively). In contrast, this value in the permafrost-free region is larger 425 

(4.0cm). From 275a BP-225a BP to 1940-1990, under warmer climate, the median permafrost-free peat 426 

thickness in the freeze-thaw, permafrost and permafrost-free regions all increased by 10.0cm, 10.6cm 427 

and 6.9cm, respectively (Fig. 9 2(a-c)). Notably, the permafrost-free peat thickness is the minimum of 428 

ALD and peat thickness. In the permafrost-free and freeze-thaw region, this value is often peat 429 

thickness, while in the permafrost region, this value tends to be ALD (Appendix Fig. 8). Median 430 

decomposition in the freeze-thaw, permafrost and permafrost-free regions show the same trend that 275a 431 

BP-225a BP was the lowest (126.5, 75.6 and 140.1 g C∙ m-2 yr-1, respectively), following by 500a BP-432 

450a BP (137.7, 75.8 and 143,1 g C∙ m-2 yr-1) and 1940-1990 (156.1, 85.7 and 158.2 g C∙ m-2 yr-1) (Fig. 433 

9 3(a-c)). Notably, the decomposition rate in warmer permafrost-free regions were generally higher than 434 

that in the colder freeze-thaw regions and the coldest permafrost regions. During 500a BP-450a BP, the 435 

median decomposition in the freeze-thaw and permafrost-free regions differed by 5.4 g C∙ m-2 yr-1, while 436 

this difference enlarged to 13.6 g C∙ m-2 yr-1 as permafrost aggregated in the freeze-thaw region. 437 

Therefore, for the freeze-thaw region, the lower decomposition in 275a BP-225a BP was not only 438 

caused by lower temperature, but also permafrost aggregation. 439 

For the freeze-thaw and the permafrost-free regions, median NPP mainly kept increasing from 440 

500a BP to 250BP and from 250BP to 1990 (by 8.4, 4.6 and -0.1 g C∙ m-2 yr-1). However, for the 441 
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permafrost region, median NPP first slightly declined then increased (89.8 to 88.5 to 101.3 g C∙ m-2 yr-1) 442 

(Fig. 9 4(a-c)). For the freeze-thaw and the permafrost-free regions, as a result of lower decomposition, 443 

the CAR in 275a BP-225a BP was the highest (30.2 and 20.2 g C∙ m-2 yr-1), higher than that in 500a BP-444 

450a BP (10.1 and 10.6 g C∙ m-2 yr-1) and in 1940-1990 (19.9 and 9.1g C∙ m-2 yr-1). Notably, as a result 445 

of the lower decomposition in the freeze-thaw region, the median CAR was 10.0 g C∙ m-2 yr-1 higher 446 

than the permafrost-free region during 275a BP-225a BP. For the permafrost region, the CAR kept 447 

increasing from 500a BP-1990 (12.8 to 13.0 to 15.6 g C∙ m-2 yr-1) (Fig. 9 5(a-c)). 448 

4. Discussion 449 

4.1 Peatland C stocks and fluxes 450 

 Our estimated northern peatland soil C stock is 396-421 Pg C depending on the peatland 451 

coverage (Table 1). This range agrees with the values in Qiu et al. (2019), Hugelius et al. (2020) and 452 

Spahni et al. (2013), is lower than the values reported by Nichols and Peteet (2019), Yu et al. (2010), 453 

Loisel et al. (2014), Gorham (1991), and higher than the values in Hugelius et al. (2013) and Müller and 454 

Joos (2021). The soil C spatial correlation (r value) between this study and Qiu et al. (2019) is 0.38-0.47 455 

depending on peatland coverage map, is 0.49-0.60 between this study and Hugelius et al. (2013), and is 456 

0.69-0.88  between this study and Hugelius et al. (2020) (Appendix Table 2). There are two reasons that 457 

the correlation with Hugelius et al. (2020) is higher than that with the other two datasets. First, the run-458 

on parameters were calculated based on the peat thickness data in Hugelius et al. (2020), and run-on 459 

influences WTD and thereby decomposition in PTEM (Zhao et al., 2022). Second, the soil C in Hugelius 460 

et al. (2020) was derived by machine learning approach and the training samples include data from 461 

thousands of peat cores. In this study, spatially-explicit peat C is sensitive to the Cmax value derived from 462 

regional calibration, and the dataset used in our regional calibration has a substantial overlap with the 463 

training samples in Hugelius et al. (2020). In general, both the spatial pattern and regional total of peat C 464 

in this study agrees with multiple previous studies. 465 

The spatially-explicit CAR from peat initiation 1990CE is presented in Appendix Fig. 9. An 466 

obvious discrepancy between our simulated pan-Arctic temporal CAR trend and the core-derived CAR 467 

trend in Loisel et al. (2014) is that the simulated 500-yr bin CAR was lower during 1.5ka BP-present 468 

(Fig. 4(a)). However, this discrepancy with Loisel et al. (2014) is also found in Nichols and Peteet 469 

(2019) and Chaudhary et al. (2020), both of which are modeling studies covering all northern peatlands. 470 

A reason for this discrepancy could be that the core-derived CAR for shallow peat samples can be 471 

biased high, due to incomplete decomposition of shallow peat (Young et al., 2019). Furthermore, the 472 

core-derived long-term CAR generally agrees with the simulated CAR in the corresponding 0.5°×0.5° 473 

grids, indicating the discrepancy in CAR in the recent millennia could be a result of insufficient core 474 

sample availability. However, the regional long-term CAR values were the same in this study and Loisel 475 

et al. (2014) (22.9 g C∙m-2 yr-1 vs. 22.9±2 g C∙m-2 yr-1, Table 1). This CAR value is higher than the core-476 

derived value in Yu et al. (2009) and model simulation in Chaudhary et al. (2020) by 4.3 g C∙m-2 yr-1 and 477 

1.5 g C∙m-2 yr-1, respectively, but falls within the range of Nichols and Peteet (2019), Turunen et al. 478 

(2002) and Treat, Jones, et al. (2016a).  479 

4.2 Holocene permafrost aggregation and degradation 480 

 The simulated ALD in 1990 correlates most closely with a satellite-derived ALD in 1997 (Obu et 481 

al., 2020), followed by a satellite-derived ALD in 2001 (Yi & Kimball, 2020) and observed ALD in 482 

different years (1990-2021) ((Brown et al., 2000; Calm, 1991-) (Fig. 6). The better correlation is found 483 

when the temporal gap between two datasets is smaller and when more grids are available for 484 
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comparison, while the difference in remote sensing estimation methodology may also influence the 485 

correlation. As ALD becomes deeper across the northern hemisphere (Luo et al., 2016), the difference 486 

between ALD in 1990 and 1997 should be less than the difference between 1990 and 2001, and between 487 

1990 and various years during 1990-2021. Similarly, most of the bias between simulated permafrost-in-488 

peat in 1990 and core observation occurs in the southern permafrost region while the cores data show no 489 

permafrost (Fig. 6(d)). Previous study has suggested severe ALD deepening and permafrost degradation 490 

in the southern permafrost region during 1982-2015 (Peng et al., 2020). As the cores were mostly 491 

collected after 1990 (Hugelius et al., 2020; Treat, Jones, et al., 2016a), it is possible that some cores in 492 

this region having deep ALD in 1990 were thawed by the time of core collection.  493 

 Consistent with the paleo-temperature database, TraCE dataset shows that Holocene global mean 494 

surface temperature reached peak around 6.5 ka BP during the Holocene Thermal Maximum (HTM) 495 

(Kaufman et al., 2020) (Appendix Fig. 10), the simulated ALD generally became deeper until 7ka BP. 496 

During 7ka BP-6ka BP, a multiproxy paleo-climate dataset indicates that Neoglacial cooling started in 497 

the northern hemisphere, with different start time in different regions (Mckay et al., 2018). This cooling 498 

trend is consistent with the decrease of ALD during 7ka BP-5ka BP simulated in this study (Appendix 499 

Fig. 6). Meanwhile, the peat core data indicate permafrost development in Alaska, Siberia and Arctic 500 

Canada before 4ka BP (Treat & Jones, 2018), which is consistent with the permafrost in peat distribution 501 

in 7ka BP and 5ka BP (Fig. 7). During Neoglacial cooling, we simulated a widespread permafrost 502 

expansion which peaked during 3ka BP-1ka BP. Both our simulation and core data suggest permafrost 503 

distribution increased in Arctic Canada, eastern Northern America, and Arctic and European Russia 504 

after 3ka BP (Treat & Jones, 2018). After 1ka BP, the simulation showed deepening ALD in most of the 505 

permafrost regions during 1ka BP-500a BP, which was approximately Medieval Climate Anomaly 506 

(MCA) when most of Eurasia Arctic and parts of North America warmed (Mann Michael et al., 2009). 507 

During 500a BP-250a BP, ALD generally became shallower in permafrost region (Appendix Fig. 6), 508 

with permafrost expansion found in west Eurasia. This period is approximately the Little Ice Age (LIA), 509 

when cooling dominated the Northern Hemisphere (Mann Michael et al., 2009). The deepening of ALD 510 

and permafrost coverage shrink in west Eurasia after 250a BP reflects the increase of greenhouse gas 511 

emissions, radiative forcing and temperature since 1750 (Ipcc, 2007). In general, the temporal trend of 512 

the simulated ALD and permafrost in peat agrees with the paleo-climate dataset and core information. 513 

4.3 Influence of climate change on peat carbon accumulation rate  514 

 During 500a BP-250a BP, the onset of the LIA triggered permafrost aggradation in west Eurasia, 515 

which made the median CAR 10.0 g C∙ m-2 yr-1 higher than that in the permafrost-free region. From the 516 

LIA to the Anthropocene warming, the freeze-thaw and the permafrost-free region had the highest CAR 517 

during LIA. This is consistent with the core-based study in the discontinuous and sporadic permafrost 518 

region, indicating CAR was the highest during LIA (Zhang et al., 2018). However, for the permafrost 519 

region, CAR was the highest during 1940-1990 and the same trend is found in western Canada that rapid 520 

surficial C accumulation makes up for the deep soil C loss (Heffernan et al., 2020). Under Anthropocene 521 

warming, with a similar increase in NPP in three regions (8.5-13.2 g C∙ m-2 yr-1), the different responses 522 

of CAR result from the different increases in decomposition rates. Previous studies suggest that both 523 

CH4 and CO2 emissions increase approximately exponentially with temperature below 25°C (Curiel 524 

Yuste et al., 2007; Lupascu et al., 2012). Therefore, under the relatively cold climate in the pan-Arctic, 525 

the similar temperature increase has different effects in the warmer southern region and colder northern 526 

regions. In particular, in the warmer freeze-thaw and permafrost-free region, median decomposition 527 

rates increased by 18.1-29.6 g C∙ m-2 yr-1, but 10.1 g C∙ m-2 yr-1 in the colder permafrost region, lower 528 
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than the median NPP increase. Therefore, Anthropocene warming enhances C accumulation in the 529 

permafrost peat, but weakens the C sink in the newly thawed and permafrost-free peat.  530 

 Our study agrees with previous modelling, indicating that northern peatlands are still a C sink, 531 

and regional NPP has increased more than decomposition under Anthropocene warming (Qiu et al., 532 

2019). Furthermore, peatlands will still be a C sink until at least 2100 under various RCP conditions 533 

(Mcguire et al., 2018; Qiu et al., 2020). These modeling studies indicate that despite decomposition 534 

increasing more rapidly than NPP under warming conditions, the warming during 1750-2100 does not 535 

make decomposition high enough to override NPP. However, temperature is very likely to keep 536 

increasing after 2100 (Palmer et al., 2018), resulting in further permafrost warming (Peng et al., 2020) 537 

and permafrost degradation in various regions (Czerniawska & Chlachula, 2020; Plaza et al., 2019). As 538 

a result, part of the current permafrost region will likely switch to newly-thawed or permafrost-free 539 

conditions, where decomposition increases faster than NPP does under the same warming. For instance, 540 

by 2100, the northern peatland C sink is projected to be stronger under RCP 2.6 and 6.0 while weaker 541 

under RCP 8.5 (Qiu et al., 2020). When projected to 2300, under severe warming scenarios, northern 542 

peatlands are likely to become a C source (Müller & Joos, 2021; Qiu et al., 2022), especially when also 543 

considering the impacts of other disturbances such as land use, fire and drainage (Frolking et al., 2011; 544 

Loisel et al., 2021). 545 

5. Conclusions  546 

 Our machine learning approach reasonably estimated peat basal ages of northern peatlands.  Our 547 

simulated regional peatland C stock and long-term carbon accumulation rate are consistent with the 548 

literature.  We estimate that regional peatland C stocks are 396-421 Pg C depending on peatland 549 

coverage, and that the regional mean Holocene carbon accumulation rate has been 22.9 g C∙m-2 yr-1. The 550 

PTEM simulated active layer depth agrees with multiple datasets, and thereby we reconstruct the 551 

permafrost development in peat from 15ka BP to 1990. Peat permafrost development generally started 552 

around 7ka BP, peaked during 3ka BP-1ka BP, and has stabilized since 1ka BP. The temporal dynamics 553 

of active layer depth and permafrost dynamics are generally consistent with the timing of the Holocene 554 

Thermal Maximum (~11ka-5ka BP), Neoglacial cooling (~7ka-2ka BP, various in different regions), the 555 

Medieval Climate Anomaly (~1ka-750a BP), the Little Ice Age (~550a-250a BP) and Anthropocene 556 

warming (since ~200a BP).  557 

From the Medieval Climate Anomaly to Anthropocene warming, we have classified northern 558 

peatlands into three categories depending on the permafrost condition: the region that developed 559 

permafrost in the Little Ice Age and thawed in the Anthropocene, the persistent permafrost region, and 560 

the permafrost-free region.  We found that peatland C fluxes respond to climate warming differently in 561 

these three regions. As the freeze-thaw and permafrost-free regions are warmer, Anthropocene climate 562 

warming enhances decomposition more than NPP and thereby the C sink capacity decreases or is lost. 563 

On the contrary, the colder permafrost region showed higher carbon accumulation rates under 564 

Anthropocene warming due to NPP increasing more than decomposition. Therefore, under future 565 

climate warming, the current permafrost region will likely switch to less permafrost or permafrost-free 566 

conditions, and the C sink capacity of peatlands will decrease.  567 
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 577 

Figure 1. Flow chart of this study, with manuscript methods sections indicated.578 
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 579 

Figure 2. (a) The training basal dates of pan-Arctic peatlands (units: year BP); (b) the training and predicted 580 

basal dates of pan-Arctic peatlands (units: year BP); (c) log10 of the average peatland coverage percent, where 581 

grid cells with <1% peatland coverage are left blank; (d) cumulative distribution function (CDF) (0-1) of the 582 

training and predicted basal date dataset and the fitted line of the training CDF.583 
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 584 

Figure 3. (a) Location and the log10 of observed peat thickness (log10(cm)) of the 2055 data points used for regional calibration. (b) Location 585 

and the log10 of calibrated peat thickness (log10(cm)) of the same 2055 data points. (c) Comparison between the observed peat thickness and 586 

calibrated peat thickness. The solid grey  line is the 1: 1 line.587 
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 588 

Figure 4. (a) Comparison of long-term C accumulation rate (CAR) from this study and the literature from 10ka BP to present in 500-yr bins. 589 

(b) Comparison between the long-term core-derived CAR (Loisel 2014) and simulated CAR in corresponding 0.5°×0.5° grids. The dash line 590 

is the 1: 1 line. 591 

  592 
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 593 

Figure 5. Time series of (a) pan-Arctic peatland C stocks; (b) pan-Arctic peatland C emissions from decomposition. The emissions of average 594 

peatland coverage in panel (b) are smoothed with Matlab’s lowess function.  595 

596 
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 597 

Figure 6. Comparison between simulated active layer depth (ALD) in 1990 and permafrost existence in peat in 1990 with the literature: (a) 598 

comparison with satellite-derived Arctic ALD 1997 (Obu et al., 2020); (b) comparison with satellite-derived Alaskan ALD in 2001 (Yi & 599 

Kimball, 2020); (c) comparison with ALD form CALM observation network (various years during 1990-2021) (Brown et al., 2000; Calm, 600 

1991-); (d) comparison with permafrost in peat record in core data. S&O PF indicates both simulation and observation have permafrost, S PF 601 

only indicates permafrost exist in only simulation, O PF only indicates permafrost exist in only observed core records, S&O non-PF indicates 602 

no permafrost existence in simulation or observed core data.603 



22 

 

 604 

Figure 7. Permafrost dynamics in peatlands from 14ka BP to 1990CE. PP represents persistent permafrost, AP represents aggrading 605 

permafrost, DP represents degrading permafrost, and NP represents no permafrost.606 
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 607 

 608 

Figure 8. The peatland area of persistent permafrost, aggrading permafrost, degrading permafrost and no 609 

permafrost during 15ka BP-1990. The computed time interval is the same as Figure 7. The peatland coverage 610 

is the average peatland coverage of estimates from Melton et al. (2022), Hugelius et al. (2020) and Xu et al. 611 

(2018).  612 
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 613 

Figure 9. Temperature, unfrozen peat thickness, CH4 emissions, CO2 emissions, NPP and CAR of the grids that 614 

(a) permafrost formed during 500a BP-250a BP and thawed during 250a BP-1990CE; (b) permafrost persisted 615 

during 500a BP-1990CE; (c) permafrost did not exist during 500a BP-1990CE. The grey lines in the boxes are 616 

median values of the 50-year average values, box are interquartile range (25%-75%) values, and whiskers are 617 

the most extreme values not considered outliers. 618 

  619 
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Table 1 Comparison between regional peat C stocks and CAR 620 

Regional SOC stocks (Pg C) Source 

397 This study (with Melton et al. (2022) peatland coverage) 

421 This study (with Hugelius et al. (2020) peatland coverage) 

396 This study (with Xu et al. (2018) peatland coverage) 

404 This study (with average peatland coverage) 

408 Qiu et al. (2019) 

300 Hugelius et al. (2013) (Top soil 3m) 

545-1045 Nichols and Peteet (2019) 

400 Hugelius et al. (2020)  

547 Yu et al. (2010) 

436 Loisel et al. (2014) 

365-550 Spahni et al. (2013) 

351 Müller and Joos (2021) 

455 Gorham (1991) 

  

Holocene CAR (g C∙m-2 yr-1)  

22.9 This study 

22.9±2 Loisel et al. (2014) 

18.6 Yu et al. (2009) 

19.7-50.5 Nichols and Peteet (2019) 

21.4 Chaudhary et al. (2020) 

17.3-26.1 Turunen et al. (2002) 

14.2-23.2 Treat, Jones, et al. (2016a) 

 621 

 622 

 623 
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